Hemangiomas are the most common type of tumor in infants. As they are endothelial cell-derived neoplasias, their growth can be regulated by the autocrine-acting Tie2 ligand angiopoietin 2 (Ang2). Using an experimental model of human hemangiomas, in which polyoma middle T-transformed brain endothelial (bEnd) cells are grafted subcutaneously into nude mice, we compared hemangioma growth originating from bEnd cells derived from wild-type, Ang2 +/-, and Ang2 -/-mice. Surprisingly, Ang2-deficient bEnd cells formed endothelial tumors that grew rapidly and were devoid of the typical cavernous architecture of slow-growing Ang2-expressing hemangiomas, while Ang2 +/-cells were greatly impaired in their in vivo growth. Gene array analysis identified a strong downregulation of NADPH oxidase 4 (Nox4) in Ang2 +/-cells. Correspondingly, lentiviral silencing of Nox4 in an Ang2-sufficient bEnd cell line decreased Ang2 mRNA levels and greatly impaired hemangioma growth in vivo. Using a structure-based approach, we identified fulvenes as what we believe to be a novel class of Nox inhibitors. We therefore produced and began the initial characterization of fulvenes as potential Nox inhibitors, finding that fulvene-5 efficiently inhibited Nox activity in vitro and potently inhibited hemangioma growth in vivo. In conclusion, the present study establishes Nox4 as a critical regulator of hemangioma growth and identifies fulvenes as a potential class of candidate inhibitor to therapeutically interfere with Nox function.
Introduction
Hemangiomas are the most common neoplasms of infancy. While the exact pathogenesis of these lesions remains obscure, prior studies have shown that they are clonal neoplasms (1) . These lesions, unlike most other neoplasms, undergo spontaneous regression. The molecular repertoire of angiogenic cytokines controlling hemangioma growth is poorly understood, but evidence has emerged that the Tie2 ligand angiopoietin 2 (Ang2) plays a dominant role in hemangioma growth (1, 2) . While hemangiomas of infancy are exclusively a disorder of childhood, a histologically similar lesion is acquired through infection by the bacterium Bartonella bacilliformis in adults. B. bacilliformis infection similarly leads to increased production of Ang2 (3) .
We have previously shown that pharmacologic blockade of Ang2 in a murine model of hemangiomas leads to decreased growth in vivo (2) . We therefore expected that polyoma middle T oncogene-transformed endothelial cells derived from Ang2-deficient mice would be unable to form hemangiomas in vivo. Surprisingly, Ang2-deficient endothelioma cells formed tumors much faster than Ang2-expressing endothelioma cells, but these tumors were not hemangiomas; rather, they histologically resembled angiosarcomas. We therefore hypothesized that endothelioma-derived Ang2 may control critical downstream mediators of hemangioma growth. Exploratory gene array experiments identified the NADPH oxidase Nox4 as being downregulated in Ang2 heterozygous cells that grow poorly in vivo. Thus, loss of Ang2 appears to affect the ability of endothelial cells to form hemangiomas, while loss of Nox4 appears to have a more severe phenotype, in significantly inhibiting the growth of hemangiomas in vivo. We also demonstrate that novel fulvenes, which block Nox4, have potent inhibitory effects on hemangioma growth in vivo.
Results

Ang2 -/-cells form rapidly growing tumors in vivo while Ang2 +/-and Ang2 +/+ form tumors with greatly delayed latency. Polyoma middle
T-transformed endothelial cells were established from primary endothelial cells isolated from P3 murine brains of wild-type, Ang2-heterozygous, and Ang2-deficient mice. In order to study the tumor-forming potential of these cells, low numbers of Ang2 -/-, Ang2 +/-, and Ang2 +/+ cells (2.5 × 10 5 ) were injected subcutaneously into nude mice. The mice were observed over a period of 4 weeks.
Under these experimental conditions, Ang2 +/+ and Ang2 +/-cells formed slow-growing tumors with the characteristic morphological appearance of cavernous hemangiomas (Figure 1 , A-C). In contrast, Ang2 -/-cells generated from knockout littermates formed much faster-growing tumors that had lost the typical cavernous hemangioma-like morphology of tumors originating from wild-type cells and resembled angiosarcoma instead ( Figure  1D ). Immunostaining for CD31, RT-PCR for CD31, and CD31 immunohistochemistry demonstrated that all lesions retained endothelial differentiation, but tumors derived from Ang2 -/-cells were histologically sarcomatous rather than hemangiomas. In fact, the growth difference was so pronounced that a detailed side-byside comparison of wild-type hemangiomas with heterozygous and Ang2 -/-hemangiomas was not possible because Ang2 -/-hemangioma-bearing mice had to be sacrificed prior to the growth of Ang2 +/- 
Discussion
The Tie2 ligand Ang2 has been identified as an antagonistic ligand of constitutive Ang1/Tie2 signaling (4). As such, it destabilizes the vascular endothelium and primes it to respond to exogenous cytokines (5) . Yet Ang2 functions are contextual, and Ang2 has been shown to be capable of acting both as an inhibitory ligand of Tie2 and as a stimulating ligand even though the molecular mechanisms controlling agonistic versus antagonistic functions of Ang2 are largely unknown (5) . Importantly, Ang2 is almost exclusively produced by endothelial cells themselves (6, 7) . Since it is produced by its own target cell, it functions as an autocrine-acting growth factor of endothelial cells.
Hemangiomas are endothelial-derived benign vascular neoplasms. Corresponding to its endothelial cell origin, Ang2 has in recent years been identified as a major regulator of heman- gioma growth (1, 2) . Based on these findings, the present study was aimed at molecularly dissecting the role of Ang2 during hemangioma growth. The study yielded surprising findings that shed mechanistic insights into the pathogenesis of hemangioma growth and open the door toward modalities that may therapeutically interfere with hemangiomas. Specifically, the present study identifies (a) loss of hemangioma differentiation in tumors derived from Ang2-knockout cells, indicating a requirement for Ang2 in hemangioma genesis; (b) the downregulation of Nox4 in polyoma-transformed endothelial cells in poorly tumorigenic Ang2 +/-cells; (c) reduced hemangioma Ang2 production upon Nox4 silencing; (d) reduced hemangioma growth upon Nox4 silencing; and (e) fulvene-5 as inhibitor of Nox4 and correspondingly as potent inhibitor of hemangioma growth.
NADPH oxidases (Nox) are a family of NADPH-dependent enzymes that generate reactive oxygen species and consist of 7 members in humans (8) (9) (10) (11) (12) (13) . These enzymes are part of multiunit complexes that may include p22 phox , cytosolic oxidase components, and the small GTPases Rac1 and Rac2. The first Nox enzyme to be identified was Nox2 (gp91 phox ), which is frequently mutated in chronic granulomatous disease and is responsible for the phagocyte respiratory burst (14, 15) . Other Nox/Duox enzymes were discovered as superoxide/hydrogen peroxide-generating enzymes in other cell types. Nox1 is highly expressed in gastrointestinal epithelium, Nox3 in the inner ear, and Nox4 in a number of tissues including malignant melanoma (16, 17) . We have previously shown that Nox4 is expressed in endothelial cells and in bEnd.3 cells (2) .
A role for Nox in hemangioma growth was circumstantially suggested in earlier experiments. We have demonstrated that topical application of eosin, a potent Nox inhibitor, causes regression of ulcerated hemangiomas of infancy (18) . Likewise, systemic propranolol, a beta blocker, has also shown efficacy in hemangiomas of infancy (18) . Propranolol has activity against reactive oxygen in addition to its activity against the β-adrenergic receptor (19) .
The identification of a critical role of Nox4 in hemangioma growth suggested that Nox may serve as a target to therapeutically interfere with hemangioma growth. Small molecule inhibitors of Nox have been synthesized, but in vivo data are limited. Based upon structural similarities to the well-studied Nox inhibitor diphenylene iodonium, we found that triphenylmethane dyes are potent inhibitors of Nox. Unfortunately, many of these compounds are poorly tolerated in vivo. The structure of triphenylmethanes indicated a need for conjugated aromatic structures that allow electron delocalization. In order to create similar structures without the triphenylmethane backbone, we synthesized fulvenes through the addition of sodium cyclopentadienide to ketones. Fulvenes are aromatic structures, yet they are highly water soluble. By conjugation of sodium cyclopentadienide with the ketone indigo, we synthesized fulvene-5, which showed inhibitory activity against both Nox4 and Nox2 function. We found that fulvene-5 blocked the production of Ang2 as well as other genes downstream of Nox4, including Nrarp. In addition, fulvene-5 potently inhibited the growth of bEnd.3 hemangioma in vivo. This represents what we believe is the first pharmacologic use of any compound with the fulvene structure.
The detailed molecular mechanisms of Nox4 function during hemangioma growth remain to be elucidated. bEnd.3 hemangiomas are a classic model of endothelial cell recruitment in that they grow through a process called host recruitment (20, 21) . Increased superoxide generation and increased production of Ang2 may contribute to host recruitment including the recruitment of endothelial precursor cells. Traps devised against the VEGF-induced Notch ligand Dll4 have been produced to address the resistance of tumors to anti-VEGF therapies (22) . Blockade of Nox enzymes with small molecules may be an attractive strategy beyond their application in hemangiomas because it may block both Dll4 signaling and superoxide-dependent HIF2α-induced VEGF (23) . Combination or sequential therapies using VEGF blockade and Nox4 blockade using novel small molecules such as fulvenes may result in improved responses for angiogenic disorders including cancer.
Methods
Cells. bEnd.3 cells (ATCC CRL 2299)
were obtained from ATCC and cultured in DMEM (4,500 mg glucose/l) supplemented with 10% FBS, l-glutamine (14 ml/l), recombinant mouse VEGF (10 ng/ml; R&D Systems), and antibiotic/antimycotic (14 ml/l; Sigma-Aldrich).
Figure 4
Tumor volumes in bEnd.3 control versus bEnd.3 Nox4shRNA. Six mice were injected with 10 6 bEnd.3 control and bEnd.3 Nox4shRNA cells. Animals were euthanized on day 14, secondary to tumor burden in the bEnd.3 control animals. The figure depicts average tumor volume (mm 3 ) in each group. Error bars represent SEM. P < 0.05 versus control.
Figure 5
Fulvene-5 inhibits ROS generation by Nox4 and Nox2 in vitro. 293 cells were treated with vehicle control or 5 μM indigo fulvene as described in Methods. COSphox cells were additionally either left unstimulated or stimulated with phorbol ester (PMA). H2O2 production was measured after 60 minutes. Results are shown as a percentage relative to untreated control (100%) and are the mean of n = 4 (Nox2) or depict a representative experiment (Nox4, n = 2).
Generation of Ang2 +/+ , Ang2 +/-, and Ang2 -/-endothelioma cells. Cerebral capillaries were isolated from Ang2 -/-mice (24) essentially as described before (20, 21) , and expression of a known endothelial marker (CD31) was confirmed by PCR. Two independent isolations of endothelial cells and subsequent transformations were used in the experiments. In brief, cortices were dissected free from meninges, minced (in buffer A: 153 mmol/l NaCl, 5.6 mmol/l KCl, 2.3 mmol/l CaCl2, 15 mmol/l HEPES, pH 7.4, 10 mg/ml BSA), and processed by collagenase digestion (0.1% collagenase II in buffer A; Biochrom) for 30 minutes at 37°C. Next, brain tissue was pelleted, resuspended in 25% BSA in buffer A, and centrifuged at 1,000 g for 20 minutes at 4°C. Capillary fragments were cultured overnight at 37°C in DMEM (high glucose, with GlutaMAX, sodium pyruvate; Gibco, Invitrogen) supplemented with 10% FCS, 1% penicillin/streptomycin, 1% nonessential amino acids, and 5 × 10 -5 2-mercaptoethanol. Endothelial cell growth supplement (Sigma-Aldrich) was added as a source of growth factors. Endothelioma cell lines from Ang2-deficient (and heterozygous) mice were established the following day by infection with a recombinant retrovirus transducing the polyoma virus middle T oncogene (20, 21, 25) as previously described.
Approximately 20,000 endothelioma cells were plated onto 0.2% gelatincoated coverslips and grown overnight. Cells were washed in PBS and fixed in 4% paraformaldehyde for 15 minutes and washed again. Antigen blocking was carried out using 10% FCS for 10 minutes. CD31 was detected using a rat anti-mouse antibody diluted in 5% FCS (MEC13.3; BD Biosciences) for 1 hour before being washed 3 times. Secondary antibody was an Alexa Fluor 546 conjugated to a donkey anti-rat antibody (1:500 dilution in 5% FCS; Molecular Probes, Invitrogen), and nuclear costaining was carried out using DAPI (1:5,000) for 30 minutes. Cells were washed before mounting onto glass slides. All steps were carried out at room temperature.
Lentiviral infection. Two shRNAs targeting the mouse Nox4 mRNA were designed: shNox4-1, GCTGTCCCTAAACGTTCTACT; and shNox4-2, GGGCCTAGGATTGTGTTTA (26) . The complementary single-stranded DNA oligonucleotides were annealed and ligated inside the pENTR/U6 vector according to the manufacturer's instructions (Invitrogen). This vector was recombined by the Gateway LR Clonase (Invitrogen) reaction with the pLenti6/BLOCK-iT-DEST vector (Invitrogen) to form the shRNA-expressing constructs. The lentivirus particles were produced by transient transfection of 293T cells (27) . After 72 hours, the lentivirus-containing supernatant was filtered through 0.45-μm pore-sized polyethersulfone membrane and concentrated 150-fold by ultracentrifugation (50,000 g for 90 minutes at 4°C). One day before transduction, bEnd.3 cells were plated in 12-well plates at a density of 25,000 cells/well. Cells stably expressing shNox4-1 or shNox4-2 were subsequently selected by blasticidin (7.5 μg/ml) for 8 days.
Determination of ROS production. HEK293 cells stably expressing Nox4 or COSphox cells expressing Nox2 were preincubated with solvent (DMSO) or 5 μM indigo fulvene for 15 minutes. H2O2 release was determined using the homovanillic acid (HVA) assay as described previously (2) .
In vivo tumorigenesis studies. In vivo tumorigenesis studies for Ang +/-and Ang -/-cells were done by injecting 25,000 bEnd.3 cells homozygous for Ang2 and 25,000 bEnd.3 cells heterozygous for Ang2 subcutaneously into 3 mice each. Mice were monitored for the development of tumors and killed 1 month after injection. No evidence of toxicity was observed.
In vivo tumorigenesis studies for bEnd.3 Nox4shRNA was done by injecting 1 × 10 6 cells transduced with bEnd.3 Nox4shRNA and bEnd.3 control shRNA subcutaneously into 3 nude mice each. Mice were observed for 14 days and then euthanized due to tumor burden in control animals. Tumor measurements were made every other day starting at day 4. Animal studies were approved by the Emory University IACUC.
Quantitative RT-PCR. bEnd.3 Ang +/-cells and bEnd.3 Ang -/-cells were seeded equally into 2 T-25 flasks, and 24 hours later, RNA was extracted and purified using QIAGEN RNeasy Mini Kit (no. 74104) and measured spectrophotometrically (UV-VIS; PerkinElmer). RNA (1 μg) was used for DNase amplification (no. 18068-015; Invitrogen) followed by first-strand Synthesis and characterization of fulvene-5. Fulvene-5 ( Figure 8 ) was synthesized according to the method of Chajara and Ottosson (28) . In brief, 1.0 g (3.81 mM) of indigo was dissolved in 500 ml tetrahydrofuran (THF) in a clean, dry flask in an argon atmosphere under constant stirring at room temperature. To this, 0.839 g (9.53 mM) of sodium cyclopentadienide (2 M in THF) was added dropwise; upon completion of this addition, the solution was heated to 60°C for 4 hours. The solution changed colors from deep blue to blue-green to dark purple and finally to a dark brown. After 4 hours, the reaction was quenched with water and the solvent was removed via rotary evaporation at 35°C. The resulting black plaque-like solid was extracted into diethyl ether until the ether layer was pale yellow. The ether fractions were pooled and evaporated on a rotary evaporator, resulting in a red-orange oil. Chromatographic separation on alumina with 50:50 ether/hexane resulted in a 45% yield of indigo fulvene in the form of an orange solid. NMR is displayed in Figure 8 . The predominant mass spectroscopy point (M+) is 359.12.
Statistics. Statistical differences for in vitro assays were done with a 2-tailed Student's t test, as the data from these experiments were normally distributed, with P < 0.05 considered significant. For the in vivo mouse tumor growth experiment, differences in tumor volume over time were analyzed with 2-way ANOVA. P < 0.05 indicated a statistically significant reduction in tumor growth of the treated group compared with the control group.
Figure 7
Treatment with vehicle control and fulvene-5 in vivo. For each treatment condition, 3 mice were subcutaneously injected on day 1 with 10 6 bEnd.3 cells and monitored for tumor development. From day 2 to day 12, mice were treated with fulvene-5 by making a stock solution of 4 mg fulvene-5 compound dissolved in 100 μl of 100% ethanol plus 1.1 ml of intralipid and then sonicated for 15 seconds. The treatment stock solution (330 μl) was injected intraperitoneally into each of 3 mice of the fulvene-5 treatment group. For control animals, a stock solution was made of 100 μl of 100% ethanol plus 1.1 ml of intralipid solution, and 330 μl of stock solution was injected intraperitoneally into each of 3 mice of the control group. Injections were continued for 2 weeks. On day 9 and day 12, tumors were measured in all 6 animals, and there was a significant difference in tumor volume between the control and fulvene-5-treated mice. No toxicity was noted following injection. Animals were euthanized on day 14, secondary to tumor burden in the control animals. Photos represent average tumor burden in each of the 2 groups (A), and tumor volume (mm 3 ) is graphically depicted (B). Error bars represent SEM. P < 0.05 versus control.
Figure 8
Synthesis and NMR of fulvene-5. Synthesis of fulvene-5 with indigo and cyclopentadienide. NMR shows clear distinctions of amine peaks characteristic of those found in indigo with added peaks in the aromatic region. THF, tetrahydrofuran.
